The flow properties of Xe atoms were investigated in the 1 kW class PPS100-ML Hall effect thruster by means of Doppler-shifted laser-induced fluorescence spectroscopy in the near infrared. Fluorescence spectra of the 6s [1/2] 
o 2 resonant level and the 6s [3/2] o 2 metastable level have been acquired inside and outside the thruster channel under several operating conditions. Analytical treatment and modelling of the measured lineshapes indicate the atom axial velocity increases inside the channel to a value well above the sound speed before decreasing quickly in the near-field plume. Numerical simulations performed with a fluid/kinetic hybrid approach allow us to explain the shape of the velocity profile. Atomic flow acceleration originates in the combination of three processes, namely the selective ionization of slow atoms, the flow expansion and the creation of fast neutrals on BN-SiO 2 walls owing to recombination of ions. Deceleration results from the invasion of the atomic jet by slow and relatively cold atoms from the residual background gas and from the cathode. In addition, it is shown that charge-exchange collisions have a non-negligible impact on the atom velocity in spite of the low background pressure in test chambers.
(Some figures in this article are in colour only in the electronic version)
Background and goals
In a conventional chemical rocket engine, thrust originates in the expansion of a heated propellant through a solid nozzle. In an electric rocket engine, thrust results from the electrostatic acceleration of an ionized propellant. Therefore, electric thrusters achieve very high fuel exhaust speed which allows us to drastically reduce the loaded propellant mass, as shown by the Tsiolkovsky rocket equation [1] . Electric propulsion devices are then well suited for long duration missions and for manoeuvers that require a large velocity increment. Among the various space-proven technologies, Hall effect thrusters (HETs) offer a high degree of reliability combined with a large thrust-to-power ratio, which makes them attractive for many space missions [2] . Nowadays, 1 kW class HETs are employed for geosynchronous satellite orbit correction and station keeping. In the near future, 5 kW type Hall thrusters will also perform orbit transfer manoeuvers of observation and communication satellites. In addition, high-power Hall thrusters (∼10-100 kW) are ideal candidates for the primary propulsion engine of space probes during journeys towards far-off planets and asteroids.
A Hall thruster is one example of a discharge in crossed electric and magnetic field configuration [3, 4] . Crossfield discharges are actually encountered in numerous areas. Magnetron, anode-layer and end-Hall type ion sources are, for instance, employed for etching of microstructures and for deposition of high-quality thin coatings [5] . On a more fundamental standpoint, a magnetized plasma column is a suitable tool to investigate various sort of instabilities and transport phenomena [6] . The main components of a Hall thruster are given in figure 1 . The low-pressure discharge is confined within an annular chamber with dielectric walls. A set of coils provides a radially directed magnetic field B with a maximum strength at the channel exhaust. The magnetic field is chosen strong enough to trap electrons, but weak enough not to affect ion trajectories. The potential drop is mostly concentrated in the final section of the channel owing to the low electron transverse mobility in this area. The corresponding axial electric field E accelerates ions out of the channel, which generates thrust. The cross-field configuration drives a large electron azimuthal drift: the Hall current. Xenon gas is the usual propellant due to its high atomic mass and relatively low ionization energy.
To a large extent, ion production along with ion acceleration govern thrust level, performance and lifetime. Over the past decade, many experimental works were therefore devoted to the characterization of the Xe + ion velocity distribution function by laser spectroscopy in the plasma and the beam of a HET, see, e.g. [7] [8] [9] [10] [11] . In contrast, little effort was made to examine the xenon atom transport phenomena. Although indirect, it is an interesting approach to gather complementary information about the ionization region and to better grasp the role of charge-exchange collision events and plasma-wall interactions on Hall discharge behaviour and dynamics. Furthermore, it is also a powerful way of testing and validating various physical models of the E ×B discharge of a Hall thruster. The first study on neutral xenon velocity in a HET was carried out in 1997 by Cedolin et al [12] with a lowpower device. Probing a metastable state of the xenon atom by means of laser-induced fluorescence (LIF) spectroscopy, they observed a peak in the axial velocity component downstream of the channel exit plane. A few years later, Hargus and Cappelli conducted atom velocity measurements both in the interior and exterior parts of a HET channel for various applied voltages [13, 14] . They confirmed neutrals are accelerated within the thruster whatever the operating conditions. As an explanation, they proposed depletion of the lowest atomic velocity classes due to ionization. In a recent work, Huang and Gallimore examined the axial velocity profiles of resonant and metastable xenon atoms in a high-power Hall thruster [15] . The axial velocity distribution revealed the atom flow accelerates up to the thruster exhaust and it decelerates outside. They also investigated the possible impact of charge-exchange collisions between neutrals and ions.
In this contribution, the lineshape of short-lived and longlived excited Xe atoms is measured by means of near infrared LIF spectroscopy within the channel and the near-field plume of a 1 kW class HET for various applied voltages. The atom axial velocity component is determined from experimental spectra accounting for the isotopic effect, gas temperature and magnetic field influence. The velocity development along the channel axis is then compared with numerical outcomes of a kinetic/fluid hybrid modelling of the cross-field discharge. The aim of this work is to clarify the contribution of the various phenomena at the origin of the atom flow properties in a Hall thruster.
Experimental arrangement

Optical setup
Laser-induced fluorescence spectroscopy is a non-intrusive diagnostic tool that enables us to determine the velocity of atom and ion species along the laser beam direction by measuring the Doppler shift of absorbed photons. Two electronic transitions are used in this study. The Xe atom in the 6s [1/2] The LIF optical bench was extensively described elsewhere, see, e.g. [7, 9] . The laser beam used to excite Xe atoms is produced by an amplified tunable single-mode external cavity laser diode operating in the near infrared spectral domain. The wavelength is accurately measured by means of a calibrated wavemeter whose absolute accuracy is 80 MHz (65 m s −1 ). A confocal scanning Fabry-Pérot interferometer with a 1 GHz free spectral range is used to realtime check the quality of the laser mode and to detect mode hops. The primary laser beam is modulated by a mechanical chopper at a frequency ∼2 kHz before being coupled into a single-mode optical fibre. The fibre allows us to carry the beam into the vacuum chamber of the PIVOINE-2g groundtest facility. The fibre output is located behind the thruster. Collimation optics are used to form a narrow beam that passes through a small hole located at the back of the thruster. The laser beam propagates parallel to the channel centreline in the direction of the ion flow. The laser power density typically reaches 1 mW mm −2 , which warrants a weak saturation effect in the case of the 823 nm line. A detection branch made of a 40 mm focal length lens, which focuses the fluorescence light onto a 200 µm core diameter optical fibre, is mounted onto a travel stage perpendicular to the channel axis. The magnification ratio is 1. A 15 mm slit was made in the channel dielectric outer wall in order to carry out measurements inside the channel. The measurement configuration is shown in figure 2 . The channel exit plane is used as a reference; it therefore corresponds to x = 0 mm. The fluorescence light is transported with the fibre and subsequently focused onto the entrance slit of a 20 cm focal length monochromator that isolates the observation line from the rest of the spectrum. A photomultiplier tube serves as a light detector. A lock-in amplifier operating at the chopper frequency discriminates the fluorescence light from the intrinsic plasma emission.
Hall effect thruster
The studied Hall thruster, so-called PPS100-ML, is a laboratory model of the Snecma-built PPS100 thruster of which design and dimensions are close to those of the Russian SPT100 thruster. The channel is 25 mm in length. The inner and outer dielectric walls are 70 mm and 100 mm in diameter, respectively. The magnetic field is maximum at the channel exit with B ∼ 150 G. During the experiments campaign, the thruster was equipped with BN-SiO 2 dielectric channel walls. The xenon mass flow rate injected in the anode a was kept fixed at 5 mg s −1 . In a similar manner, the xenon gas flow rate in the cathode c stayed at 0.4 mg s 
Atomic line profiles
Evolution along the channel axis
The density of Xe atoms in the resonant 1s 2 state is low due to its short lifetime. As a consequence, the fluorescence signal is lost behind the thruster channel exit plane, which means the atom behaviour can solely be interrogated inside the channel with the 834.7 nm line. By contrast, a large atomic population is stored in the long-lived 1s 5 state. The 823.2 nm radiation can then be captured downstream the channel exhaust, which provides information about the atom flow within the thruster plume near-field. In addition, the large lifetime of Xe(1s 5 ) atoms under a HET plasma conditions warrants they behave similarly to ground-state Xe atoms [16] . A series of lineshapes that correspond to the 1s 5 → 2p 5 transition at 823.2 nm is displayed in figure 3. Spectra were recorded at several axial positions along a line parallel to the channel axis. The PPS100 Hall thruster was fired at U d = 250 V and I c = 4.5 A. The complicated structure of the line originates from the existence of numerous xenon isotopes. As can be seen in figure 3 , the line centre, which corresponds to the atom's most probable velocity, shifts towards large velocity values all the way to the exit plane (x = 0). Behind the outlet, the peak shifts in the opposite direction. Note that the Doppler shift always stays positive. Moreover, the line broadens in the course of the flow.
Lineshape modelling
For the two xenon atom excited states, the most probable velocity is given by the Doppler shift of the line centre. In order to extract a larger amount of information from the measured spectra, the profile of the 823.2 nm line was modelled taking into account characteristics of the medium.
The electronic level configuration of Xe atoms is quite complex. The latter exhibits a hyperfine structure which finds its origin in the existence of 7 stable isotopes with abundance above 1%. The hyperfine structure is the result of the combination of two effects: a mass shift due to a slight difference in the electronic configuration of all isotopes and a specific hyperfine structure for odd mass isotope (129 and 131 amu for Xe) due to the existence of a nuclear spin. The selection rule for hyperfine components is connected with the total angular momentum F = J + I , where J and I are the electronic angular momentum and the nuclear spin, respectively [17] . For the 6s [3/2] o 2 → 6p [3/2] 2 transition, the hyperfine constants necessary to calculate energy splittings and the even mass isotope shifts can be found in [18, 19] . The 823.2 nm line is, in fact, composed of 14 hyperfine transitions and 5 isotope-shift transitions. For the latter, intensity is linked to abundance. For each hyperfine component, the intensity is determined from the Clebsch-Gordon factor that depends upon the F, J and I quantum numbers [20] .
The influence of the thruster magnetic field upon the electronic levels, the so-called Zeeman effect, must of course be accounted for. A magnetic field induces a splitting of energy levels according to the value of the M magnetic quantum number. The latter also defines the selection rules. As the laser light is unpolarized behind the optical fibre output, both π ( M = 0) and σ ( M = ±1) must be considered. The energy shift is characterized by the value of M J for even isotopes and M F for hyperfine components of odd isotopes, the strength of the magnetic field and the Lande factor g J [17] . The intensity of each Zeeman line is related to the associated Clebsch-Gordon factor. The calculation of the levels shift is performed in the weak field approximation, therefore for hyperfine components the g F factors are calculated using the quantum numbers F, J and I [20] .
After computing the entire line composition, it is necessary to include broadening mechanisms to properly model the lineshape. First, the laser beam profile can be considered as a Dirac delta function in view of the laser bandwidth (<1 MHz). Second, the natural width (5 MHz) is neglected in comparison with the Doppler width that is linked to the gas temperature (∼0.6 GHz at 700 K). The profile of each component is then assumed to be Gaussian. The Doppler width and the Doppler shift are identical for all components. Finally, saturation is taken into account. Broadening of the natural lineshape can here be ignored since the width of the natural lineshape is much below the Gaussian width. Change in the signal amplitude, by contrast, must be considered. The saturation parameter S is the same for all even isotopes as it solely depends on the transition probability. For each hyperfine component of the two odd isotopes, the saturation parameter S has to be divided by the appropriate Clebsch-Gordon factor; so odd isotope contributions are, in fact, less affected by the laser power.
To illustrate modelling outcome, in figure 4 computed line profiles are superimposed onto experimental spectra obtained at x = −13 mm and x = 0 mm when the PPS100 thruster operates at 250 V discharge voltage with 4.5 A in the coils. The value of the magnetic field amplitude is taken from measurements. In the two cases, the gas temperature is fixed to 700 K. The gas is here assumed to be in thermal equilibrium with the channel walls of which the temperature was inferred from thermal imaging measurements [21] . The Xe atom mean velocity is then obtained by fitting a calculated spectrum to data points. Note that the saturation coefficient is tuned to match the intensities. As can be seen in figure 4 , the agreement between experimental and computed lineshape is satisfactory. This approach allows us to extract fluid quantities with a reasonable accuracy. Inside the channel, the signal-to-noise ratio (SNR) is relatively high. The error bar is ±100 m s −1 and ±150 K for the axial velocity and temperature, respectively. Outside the channel, the SNR diminishes quickly due to the flow expansion. In addition, as we will see in the next section, it is necessary to account for two atom populations to reliably reproduce the measured lineshape, which makes the fitting procedure more complicated. Therefore, error bars grow: ±150 m s −1 and ±200 K.
Accelerating and decelerating flow
The evolution of the Xe atom axial velocity component along the channel axis is displayed in figure 5 under various thruster operating conditions. For the resonant 1s 2 level, the velocity corresponds to the peak of the measured line profile. In the case of the metastable 1s 5 level the mean velocity arises from a model of the measured lineshape with a gas temperature fixed to 700 K. As can be seen in figure 5 , the two probed levels give the same tendency. The atom velocity increases inside the channel from 150 m s −1 up to about 600 m s −1 . Behind the exhaust, the velocity declines gradually towards zero. Curves in figure 5 indicate that varying the discharge voltage and the magnetic field strength has no significant effect upon the velocity profile. The Xe atom axial velocity can be compared with the speed of sound. The latter reaches 272 m s −1 at 700 K with a specific heat ratio γ = 5/3. An apparent subsonic to supersonic transition occurs inside the channel at x = −5 mm, see figure 5 . At that location, the mean free path for momentum exchange between Xe atoms is around 1.5 cm. The Knudsen number is then close to unity and the neutral flow is at the limit of the rarefied regime.
Two mechanisms can readily be identified to explain the apparent acceleration of the atomic gas in the interior of the thruster. First, a symmetry break in the velocity space results from the fact that the channel is open on one side. This freeflow effect makes the negative component of the axial velocity weaker and weaker when moving towards the exit plane. As a direct consequence, the peak of the atom velocity distribution function (VDF) shifts towards the positive values. Second, the ionization of slow atoms in the region of large electron density is highly probable owing to their relatively long residence time. Selective ionization is then responsible for the loss of the slow wing of the atom VDF, hence a shift of the mean velocity to the high velocity side [13, 14] . Charge-exchange collision events between Xe atoms and Xe + ions lead naturally to the occurrence of a fast atom group. Nevertheless, this process has a little impact upon the atom VDF compared with the two others. As will be shown in the next section, although the proposed physical mechanisms allow us to explain the observed tendency they are, however, not sufficient to explain the measured atomic velocity amplitude.
As can be noticed in figure 5 , Xe atoms slow down behind the thruster exhaust. Their velocity reaches zero at x = 40 mm. Since no force is acting on atoms, beyond the channel exit plane one expects they form a jet moving with a constant axial speed around 500 m s −1 here. The deceleration of the atom flow is actually due to invasion of the jet by atoms that originate both from the hollow cathode and from the background gas. Part of these atoms are locally brought into an excited state by electron impacts. The atom VDF therefore exhibits two components [22] : a fast and hot component that corresponds to atoms from the jet as well as a slow and cold component that comprises atoms from the cathode and the residual gas. This view is supported by the fact that theoretical lineshapes do not conform to experimental spectra when solely considering one group of Xe atoms. In figure 6 , the spectrum of the 823.2 nm line acquired at x = 20 mm is compared with several calculated spectra. When only one fast atom population is used, the agreement is poor. The agreement is significantly improved with the combination of a fast atom group at 700 K and a standing still group at 300 K. Naturally, the quality of the fit depends upon the population ratio. Two cases are shown in figure 6 : a hot-to-cold ratio of 70/30 and 55/45. At x = 20 mm, a reasonable fit is obtained when the ratio is 50/50. Note that the uncertainty in the population fraction is large, typically ±30%.
Numerical simulations
Hybrid model
In order to better grasp the physics that drives the flow of atom in the discharge of a HET, experimental data are compared with computer simulations realized with a quasineutral transient fluid/kinetic hybrid model developed by the LAPLACE laboratory [23] [24] [25] [26] . The latter is based on a quasione-dimensional fluid description of the electron transport, while heavy species, i.e. Xe atoms and Xe + ions, are treated with a kinetic approach. The computational domain starts at the anode plane and ends at the magnetic field line that intercepts the cathode. The main challenge for the electrons is to properly account for the transport perpendicular to the magnetic field lines. In a HET, cross-field motion is not governed by electron-neutral collisions but by anomalous effects, see [25] and references herein. The cross-field electron mobility profile was determined by means of axial ion velocity profile measurements [26] . To reduce the computation time, the model adopts the macroparticle approach that is commonly used in particle-in-cell model to treat the kinetic description of heavy species. Each macroparticle represents a large number of real particles (ions or atoms). For simplicity sake, in the rest of the paper, the term ions and atoms refer to macro-ions and macro-atoms, respectively. The ionization profile is calculated assuming a Maxwellian distribution for the electrons, the electron mean energy being obtained solving an energy equation [23] . A given number of ions are created and introduced in the computational domain at fixed positions according to the ionization profile. The equations of motion for ions are solved until they either leave the computational domain or impact on the channel walls. The external force acting on ions is reduced to the electric force due to their large mass. Ions impacting on walls are neutralized and new atoms are reintroduced into the channel.
Neutrals are injected through the anode plane assuming a half-Maxwellian velocity distribution with a temperature of 800 K. A Monte Carlo technique is used to remove neutrals according to the ionization profile. Atoms colliding with channel walls are reflected back assuming diffusive scattering. Ions can naturally recombine at walls to form atoms, which go back with a fraction of the parent ion energy. The velocity of atoms leaving the walls v a is then given by [28] 
where α w is an accommodation coefficient. In equation (1), v w is a random speed sampled from a half-Maxwellian velocity distribution at a temperature of 700 K and 500 K for the channel walls and the thruster body front, respectively. Temperatures were taken from thermal imaging measurements [21] . The term v corresponds to the velocity of the incident particle. When ions collide with the walls, the voltage drop inside the sheath is used to calculate the incident energy [24] . The accommodation coefficient α w is an adjustable parameter. The background pressure p back is of course considered in the simulations. Atoms are introduced from free space edge of the computational domain with a half-Maxwellian velocity distribution at a temperature of 300 K. Charge-exchange as well as elastic collisions between ions and neutrals are also taken into account [27] . The influence of charge-exchange collision events on the thruster performances is weak in agreement with outcomes of the works by Parra et al [29] . Yet, there is an impact on the Xe atom VDF, as we shall be seeing shortly.
Computed atom velocity: test cases
The time-averaged Xe atom VDF was computed along the line of sight for a PPS100 thruster firing at 250 V and 5 mg s −1 with 4.5 A in the coils. Several cases were investigated playing with the residual pressure level, the charge-exchange collisions (CEX) and the value of accommodation coefficient α w . For all cases, the mean axial velocity was determined from the first order moment of the simulated atomic VDF. The on-axis development of the mean velocity was subsequently compared with the acquired data. First, simulations were carried out neglecting the residual gas pressure (p back = 0) with α w fixed to one, i.e. all Xe atoms are in thermal equilibrium with thruster walls after a collision event, see equation (1) . As can be seen in figure 7 , computed This value corresponds to the full conversion of thermal energy accumulated inside the channel into kinetic energy. With CEX, the mean velocity increases steadily in the course of the flow. Numerical outcomes show that in spite of a low probability charge-exchange collisions markedly influence the atom VDF.
Second, the background pressure was taken into account in the simulations with p back = 2 mPa. Charge-exchange collision were automatically included. The residual pressure has a drastic impact upon the Xe atom velocity as can be seen in figure 8 for e.g. the case α w = 1. In contrast to numerical results plotted in figure 7 , this time the axial velocity decreases down to a low value around 100 m s −1 behind the channel exit plane. As stated at the end of section 4, deceleration of the atomic flow is due to mixing between hot and fast atoms leaving the channel and slow and cold atoms from the background gas and the cathode. In figure 9 , one can observe the computed atom VDF at x = 10 mm is indeed made of two distinct components. At x = 20 mm, the fraction of fast atoms is 0.65 according to the simulations. This value is in good agreement with the one deduced from modelling of the Xe(1s 5 ) lineshape. Although the shape of the velocity profile is well reproduced with the hybrid model when p back and CEX are incorporated, the calculated velocity magnitude is still in disagreement with the measured one, especially in the channel exhaust vicinity, see figure 8 .
In the third case, the value of the accommodation coefficient α w was changed. Two calculations were made with α w = 0.8 and 0.9, respectively. Fixing the value of the coefficient α w is rather arbitrary. It is indeed reasonable to think that the accommodation coefficient depends on characteristics of both the incident particle (energy, incidence angle) and the wall materials (composition, roughness). Unfortunately, relevant data are missing for the case of Xe/Xe + impacting on BN-SiO 2 , which prevents the accurate assessment of the accommodation coefficient. The impact of Xe + ions on channel walls of the Hall thruster leads to the creation of a nonnegligible fraction of fast atoms when α w = 1. The Xe atom VDF plotted in figure 9 shows atoms with an axial velocity above 1000 m s −1 inside the channel whereas the thermal speed is 335 m s −1 at 700 K. Note that in figure 9 the low atom population with a large negative axial velocity component originates from charge-exchange collisions. The creation of fast atoms naturally occurs in the final section of the channel, a region where the ion energy and the ion flux to the walls are large. In our simulations, the total ion losses on the inner and outer channel walls correspond to 60% of the injected neutral flow, in agreement with the value obtained by Parra et al [29] . Curves in figure 8 show the acceleration of the atom flow is reasonably reproduced when α w = 0.9. Simulations therefore indicate the observed rise in the Xe atom velocity results not only from ionization and flow expansion but also from creation of fast atoms at walls due to recombination of ions. A last point is worth making. Creation of fast neutrals at walls has a direct impact on the Hall thruster discharge properties. The computed discharge current properties are given in table 1 for three values of α w . The mean value of the discharge current I d diminishes with α w . It is a direct consequence of the drop in plasma density when α w is turned up. As fast Xe atoms spend a short time inside the channel, their probability of being ionized is low indeed. The main current oscillation frequency stays roughly unchanged. By contrast, the level of oscillation depends on α w , as shown in table 1. The relationship between I d and α w is not yet fully grasped but it surely finds its roots in the prey-predator dynamics that takes place in the cavity of Hall thrusters [30, 31] .
Conclusion
The flow properties of Xe atoms were investigated in the 1 kW class PPS100-ML HET by means of LIF spectroscopy in the near infrared domain. Fluorescence spectra of the 6s [1/2] o 2 resonant level and the 6s [3/2] o 2 metastable level were acquired along the channel axis under several thruster operating conditions. Analysis of the measured lineshapes indicates the atom axial velocity increases inside the channel to a value well above the sound speed before decreasing quickly in the near-field plume. Numerical simulations performed with a hybrid model allow us to explain the shape of the velocity profile. Atomic flow acceleration originates in the combination of three processes, namely the selective ionization of slow atoms, the flow expansion and the creation of fast neutrals on BN-SiO 2 walls owing to recombination of ions. The last process, which was never considered so far, plays a key role in the atom dynamics and discharge properties. Deceleration results from the invasion of the atomic jet by slow and relatively cold atoms from the residual background gas and from the cathode. In addition, it is shown that charge-exchange collisions have a non-negligible impact on the atom velocity in spite of the low background pressure level in ground-test chambers.
Two complementary set of experiments are of interest to confirm the current picture of the atom flow in the discharge of a Hall thruster. The Xe atom velocity profile must be measured with different channel wall dielectric materials, e.g. Al 2 O 3 , AlN and BN. The goal is here to get deeper insights into the role of ion recombination. Moreover, the influence of the residual gas on the atom VDF must be clarified. The neutral velocity must of course be measured for various backpressure levels. Another interesting approach consists in injecting a tracer in the tank, such as Kr atoms, and in following its path in the near-field plasma plume and in the channel.
